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(54) HYDROGEN-PERMEABLE STRUCTURE AND METHOD FOR MANUFACTURE THEREOF OR 
REPAIR THEREOF 



(57) The invention provides a hydrogen permeable 
structure, which can effectively prevent peeling-off of a 
hydrogen permeable film and hence has higher durabil- 
ity, and a method of manufacturing the structure. 

The hydrogen permeable structure has a hydrogen 
permeable film formed on the surface of or inside a po- 



rous support, having a thickness of not more than 2 um, 
and containing palladium (Pd). The hydrogen permea- 
ble film is formed on the surface of or inside the porous 
support by supplying a Pd-containing solution and a re- 
ducing feed material from opposite sides of the porous 
support. 
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Description 

Technical Field 

[0001 ] The present invention generally relates to a hy- 
drogen permeable structure and a method of manufac- 
turing the structure, and more particularly to a hydrogen 
permeable structure in which a hydrogen permeable film 
is formed in a porous substrate, a method of manufac- 
turing the structure, and a method of repairing the struc- 
ture. 

Background Art 

[0002] A hydrogen gas is used as, e.g., fuel for fuel 
cells and is industrially manufactured by, e.g., a gaseous 
fuel denaturing process. With the gaseous fuel denatur- 
ing process, for example, a hydrogen gas is manufac- 
tured by denaturing water vapor. A denatured gas con- 
tains., in addition to hydrogen as a primary component, 
carbon monoxide and carbon dioxide as secondary 
components. Direct use of such a denatured gas as, e. 
g., fuel for fuel cells deteriorates cell performance. It is 
therefore required to remove the secondary compo- 
nents other than the hydrogen gas, and to refine the de- 
natured gas for obtaining a high-purity hydrogen gas. 
One of known refining methods utilizes a characteristic 
in which a hydrogen permeable film selectively allows 
only hydrogen to pass through the film. The hydrogen 
permeable film is formed on a porous support or sub- 
strate when used. 

[0003] For example, Japanese Unexamined Patent 
Application Publication No. 11-267477 proposes a hy- 
drogen permeable structure in which a hydrogen per- 
meable film, such as a Pd film or a Nb film, having a 
thickness of about 0.1 to 20 u,m is formed by an ion plat- 
ing process on the surface of a porous support made of 
stainless steel or ceramic, e.g., alumina or silicon ni- 
tride. 

[0004] Also, Japanese Unexamined Patent Applica- 
tion Publication No. 11-286785 proposes a hydrogen 
permeable structure in which a Pd metal and a metal 
capable of alloying with Pd are alternately multi-layered 
on the surface of a porous support by an electroless plat- 
ing process or an ion plating process, and the multi-lay- 
ers are subjected to heat treatment to form a Pd alloy 
film as a hydrogen permeable film. 
[0005] Further, Japanese Unexamined Patent Appli- 
cation Publication No. 4-349926 proposes a hydrogen 
gas separation film in which pores of an inorganic po- 
rous body with pore sizes of 10 to 10000 A support 
therein silica gel having an average pore size of 10 to 
30 A, alumina gel having an average pore size of 15 to 
30 A, or silica-alumina gel having an average pore size 
of 10 to 20 A, and a thin film containing palladium is 
formed as a hydrogen permeable film on the surface of 
the porous body. 

[0006] Each of the above-mentioned publications dis- 



closes the structure in which the hydrogen permeable 
film is formed on the surface of the porous support. How- 
ever, when those hydrogen permeable structures were 
used in an atmosphere under various conditions, prob- 

5 lems occurred in which the hydrogen permeable film 
peeled off and durability was poor. 
[0007] As one example of techniques for depositing 
Pd on a non-metallic material such as a ceramic, elec- 
troless plating using sodium phosphite (NaH 2 P0 3 ) as a 

10 reductant is disclosed in "Hyomen Gijutsu (Surface 
Technology)", 42, 1146(1991). With this disclosed tech- 
nique, however, it was impossible to freely control the 
plating position. Further, U.S. Patent Nor. 5,789,027 dis- 
closes a method of depositing a Pd on a substrate : that 

15 is, a method in which a Pd compound is dissolved to- 
gether with a hydrogen gas in a supercritical fluid of C0 2 
so as to be supplied onto the substrate, thereby depos- 
iting Pd on the substrate. However, this disclosed meth- 
od requires a fluid in the supercritical state and is not 

20 economical. 

Disclosure of Invention 

[0008] An object of the present invention is to provide 
25 a hydrogen permeable structure which can effectively 
prevent peeling-off of a hydrogen permeable film and 
hence has higher durability, and to a method of manu- 
facturing the structure. According to the method of the 
present invention, the position where a thin film contain- 
so ing Pd is to be formed can be controlled as desired, no 
special technique such as a supercritical fluid is re- 
quired, and defects such as pinholes can easily be re- 
paired. 

[0009] The present invention has been accomplished 
35 based on the finding that, by forming thin films within 
pores of a porous support in shapes corresponding to 
individual pore shapes, a hydrogen permeable structure 
being highly resistant to peeling-off of the thin films and 
having superior durability can be obtained because pe- 
40 ripheries of the thin films are supported by a skeleton of 
the support. 

[0010] According to the present invention, by supply- 
ing a solution containing Pd through one surface of a 
porous support and supplying a solution contai ning a re- 

45 ductant through the other surface of the porous support, 
the solution containing Pd and the solution containing 
the reductant contact with each other on the surface of 
or inside the porous support, whereby the Pd is reduced 
and metallic Pd is deposited. Therefore, thin films con- 

50 taining Pd can be formed on the surface of the porous 
support and within pores in the surface of the porous 
support or within pores inside the porous support. 
[0011] Alternatively, by supplying a reducing gas in- 
stead of the solution containing the reductant, metallic 

55 Pd is also precipitated by means of reduction of Pd as 
described above such that thin films containing Pd can 
be formed on the surface of the porous support or within 
pores inside the porous support. Deposition of metallic 
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Pd continues as long as the solution containing Pd con- 
tacts the solution containing the reductant or the reduc- 
ing gas. In other words, reduction reaction continues un- 
til the pores of the porous support are sealed off by Pd. 
[0012] In the case using the reducing gas, by filling a 5 
material permeable to the reducing gas within the pores 
of the porous support, a thin film containing Pd can be 
formed on an end surface of the reducing-gas permea- 
ble material. Therefore, the Pd thin film can be formed 
at a desired position within the porous support. 10 
[0013] The solution containing Pd is not limited to a 
particular one provided that the solution contains palla- 
dium. Examples of such solution include a solution of a 
Pd complex ion in which ligands, such as N0 2 and NH 3 , 
are coordinated in number not less than two and not 15 
more than six : and a solution of palladium chloride or 
palladium nitrate. Also : the solution containing Pd is 
preferably a solution containing chlorine and palladium. 
Further, the solution containing Pd is preferably a solu- 
tion containing platinum as well as chlorine and palladi- 20 
urn. A hydrogen permeable film containing Pd to which 
Pt is added has less solubility to hydrogen at a prede- 
termined temperature than that containing Pd alone. 
Therefore, an amount of expansion of the crystal lattice 
of a palladium metal, i.e., an amount of expansion of the 25 
film, can be suppressed. It is hence possible to reduce 
compressive stresses caused in the film upon expan- 
sion thereof, and hence to reduce stresses imposed on 
the interface between the film and a substrate. As a re- 
sult, physical deterioration of the hydrogen permeable 30 
film, such as peeiing-off and cracks, can be greatly re- 
duced. 

[0014] The solution containing the reductant is, for ex- 
ample, a solution containing, as a reductant, a phos- 
phate or a hypophosphite, e.g., H 2 P0 2 - or HP0 3 2 % hy- 35 
drazine, formaldehyde, dimethylamine borane, or any 
of tetrahydra borates such as NaBH 4 , LiBH 4 and KBB 4 . 
Preferably, the solution containing the reductant is an 
alcoholic or aqueous solution in which at least one of 
those reductants is dissolved. 40 
[001 5] By sprayi ng with a sprayer either or both of the 
solution containing Pd and the solution containing the 
reductant in a state of mist, for example, disturbance at 
the interface between the Pd-containing solution and 
the reductant-containing solution is reduced and the 45 
pores can be sealed off with thinner films. Accordingly, 
the spraying method is able to reduce the amount of de- 
posited Pd to a value not more than 5 g/m 2 and is more 
economical. Herein, the term "amount of deposited Pd" 
represents a value normalized with respect to a Pd de- so 
posited area regardless of shape of the hydrogen per- 
meable structure. More specifically, an area of 1 to 10 
cm 2 of the hydrogen permeable structure, in which Pd 
has been deposited, is cut out from any desired position, 
and a cut-out specimen is dissolved in an acid. The Pd 55 
concentration of the thus obtained solution is analyzed 
with plasma emission spectroscopic analysis to calcu- 
late a total amount of Pd. Then, the amount of deposited 



Pd is obtained by dividing the total amount of Pd by the 
area of the specimen. 

[0016] The reducing gas is preferably a hydrogen gas, 
but any other suitable gas may be mixed in a hydrogen 
gas for control of the reaction velocity. Further, the gas 
permeable materia! is preferably paraffin. Paraffin is 
permeable to hydrogen and can be dissolved and re- 
moved with an organic solvent, such as dichlorometh- 
ane. 

[0017] Preferably thin films formed inside the porous 
support and containing Pd have an average thickness 
of not more than 2 um and not less than 0.01 u.m. Also, 
thin films formed on the surface of the porous support 
and containing Pd have an average thickness of not 
more than 2 u.m and not less than 0.01 urn. In the thin 
films formed inside or on the surface of the porous sup- 
port and containing Pd, the deposition rate of Pd is pref- 
erably not more than 5 g/m 2 . The porous support is pref- 
erably a porous body of silicon nitride or a metallic po- 
rous body. 

[0018] Further, the porous support has holes in the 
surface thereof, and preferably is provided with a porous 
oxide layer, or a layer of metal or metal oxide having an 
average particle size of not more than 2 jxm such that 
the holes are covered therewith. With such structure, 
since the holes in the surface of the porous support are 
filled, making the surface even, the hydrogen permeable 
film can be formed in a dense state free from pinholes 
when it is formed on the surface of the porous support. 
Accordingly, the permeability characteristics of the hy- 
drogen permeable film can be improved. In such a case, 
preferably, the oxide layer contains at least one selected 
from the group consisting of aluminum oxide (Al 2 0 3 ), 
silicon dioxide (Si0 2 ) and zirconium oxide (Zr0 2 ). The 
oxide layer is more preferably made of aluminum oxide. 
[0019] In the hydrogen permeable structure in which 
a Pd-containing thin film has been formed on the surface 
of or inside the porous support thereof, defects of the 
Pd-containing thin film, such as pinholes, can easily be 
repaired by supplying the solution containing Pd onto 
one surface of the hydrogen permeable structure and 
supplying the solution containing the reductant onto the 
other surface of the hydrogen permeable structure, 
since thereby a metal containing Pd can be deposited 
in the pinholes with priority. In that case, a similar effect 
is also obtained by using a reducing gas instead of the 
solution containing the reductant. 

[0020] If a hydrogen permeable structure includes a 
layer in which pores are sealed off by depositing a metal 
containing Pd in a porous support and/or porous pow- 
der, its durability can be further improved. In such a hy- 
drogen permeable structure, an amount of nitrogen per- 
meable through the structure can be reduced to a level 
not more than 0.6 ml/min/cm 2 under a differential pres- 
sure of 1 atmospheric pressure. As a result, hydrogen 
having a higher purity can be obtained. 
[0021] Additionally, a Pd-containing film can be made 
denser by performing heat treatment of the Pd-contain- 
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ing film in a non-oxidizing atmosphere, e.g., a vacuum, 
a nitrogen atmosphere or a hydrogen atmosphere, after 
the Pd-containing film has been formed. 

Brief Description of the Drawings 

[0022] 

Figure 1 shows one embodiment of the present in- 
vention in which a reducing feed material is a solu- 
tion. 

Figure 2 shows one embodiment of the present in- 
vention in which a reducing feed material is a gas. 
Figure 3 shows a cross-section of one example of 
a hydrogen permeable structure according to the 
present invention. The pores of a porous support 
are omitted in the drawing. 

Figure 4 is a schematic sectional view of one em- 
bodiment of the present invention, showing a state 
in which hydrogen permeable films are formed on 
the surface of and inside the porous support with 
alumina powder filled on the surface thereof. 
Figure 5 is a schematic sectional view of one em- 
bodiment of the present invention, showing a state 
in which hydrogen permeable films are formed only 
inside the porous support with aluminapowderfilled 
on the surface thereof. 

Best Mode for Carrying Out the Invention 

[0023] A hydrogen-gas separating structure as one 
embodiment of a hydrogen permeable structure of the 
present invention is constructed by forming metallic thin 
films, containing Pd, within pores of a porous support or 
the surface of the porous support. 
[0024] The porous support has no special limitation 
on materials thereof, and can be made of a metallic ma- 
terial such as SUS316L, or any of ceramics including 
various oxides, e.g. : aluminum oxide, and various ni- 
trides, e.g., silicon nitride. Among ceramics, a porous 
body of silicon nitride is particularly preferable. The pore 
size of the porous support is not limited to a particular 
value, but it is preferably not more than 1 u.m and not 
less than 0.1 u.m. If a porous support having the pore 
size over 1 prn is used, the thin films formed in pores 
and containing Pd would be too thick, thus resulting in 
being less economical and deterioration of hydrogen 
permeability. If the pore size is less than O.t jxm, thethin 
films would be too thin, thus resulting in problems in 
terms of durability. 

[0025] According to the manufacturing method of the 
present invention . a solution feed material containing Pd 
is supplied through one surface of the porous support, 
and a reducing feed material is supplied through the oth- 
er surface thereof. Upon contact of the solution contain- 
ing Pd and the reducing feed material, Pd is reduced 
and metallic Pd is deposited, whereby the thin film(s) 
containing Pd can be formed on the surface of the po- 



rous support or within the pores inside the porous sup- 
port. Also, by adjusting the concentration and reaction 
conditions of either or both of the Pd containing solution 
and the reducing feed material, the thin films containing 
5 Pd can be formed only inside the porous support, i.e., 
in a region inward of the surface of the porous support. 
Since the thus obtained thin films are formed within the 
pores of the porous support, those thin films are sur- 
rounded by the skeleton (matrix) of the porous support 
10 and high durability can be obtained. Particularly, when 
the thin films are formed only inside the porous support, 
those thin films are entirely surrounded by the skeleton 
(matrix) of the porous support and hence higher dura- 
bility can be obtained. Note that, if both the feed mate- 
's rials are supplied onto the same surface, the thin films 
containing Pd cannot be formed in the porous support 
because fine particles of metallic Pd start deposition im- 
mediately after the feed materials are in contact with 
each other. 

20 [0026] The hydrogen permeability of the hydrogen 
permeable film is in reverse proportion to a film thick- 
ness. For example, the permeability of hydrogen 
through a 2 ^.m-thick film is 10 times the permeability 
through a 20 ^on-thick film. With a 10-time increase in 

25 hydrogen permeability through the film, the film surface 
area required for obtaining the same amount of hydro- 
gen permeable through the film is reduced to 1/10. Thus, 
when the thickness of the hydrogen permeable film is 
reduced to 1/1 0 : the required weight of the film is re- 

30 duced to 1/100. According to the present invention, 
therefore, since a dense hydrogen permeable film hav- 
ing good hydrogen permeability can be formed in thick- 
ness of not more than 2 um, it is possible to provide a 
low-cost, high-performance and compact hydrogen per- 

35 meable structure. Conversely, if the film thickness is less 
than 0.01 u., problems such as the deterioration of the 
hydrogen separation performance and a decrease of 
durability would occur. 

[0027] In the solution containing Pd, any of a palladi- 
40 um complex, palladium chloride, palladium acetate, etc. 
is usable as a solute. Also, by adjusting a PH of the so- 
lution with acids or bases, such as hydrochloric acid and 
acetic acid, the maximum solubility of the solute can be 
adjusted and hence the reduction reaction velocity can 
45 also be .adjusted. Further, by employing a solution in 
which a platinum compound, a silver compound, or the 
like is dissolved together with a Pd compound, thin films 
of a Pd-Pt alloy or a Pd-Ag alloy can be formed. A pref- 
erable example of the platinum compound is platinum 
50 chloride or a platinum organic complex, and a preferable 
example of the silver compound is silver chloride or a 
silver organic complex. 

[0028] The reducing feed material may be in the form 
of a liquid or gas. In the case of a liquid, a solution con- 
55 taining a reductant is usable. When dimethylamine bo- 
rane, NaBH 4 , LiBH 4 , KBH 4 , or the like is used as the 
reductant, not only water but also alcohol can be used 
as a solvent. However, in the case of LiBH 4 in particular, 
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an alcoholic solution is preferably used since LiBH 4 de- 
composes upon reaction with water, though it has max- 
imum reducing power. Using an alcoholic solution is ad- 
vantageous in that, by increasing the size of a hydro- 
phobic radical in alcohol, affinity with an aqueous solu- 5 
tion containing Pd ions can be reduced, and hence a 
more local and thinner Pd-containing film can be 
formed. Further, in the case where both of the Pd-con- 
taining solution and the reductant-containing solution 
are used, by spraying either or both of the solutions in io 
a state of mist with a sprayer, for example, disturbance 
at the interface between the Pd-containing solution and 
the reductant-containing solution is reduced, and hence 
the pores can be sealed off with thinner films. Accord- 
ingly, the spraying method is able to reduce the amount 15 
of Pd used and is more economical. 
[0029] In the case using gas, any reducing gas can 
be used, but a preferable example is hydrogen. Also, a 
gas mixture with another kind of gas may also be used 
to control the reaction velocity. Further, by f ilfing the po- 20 
rous support beforehand with a material that is gas per- 
meable and can be removed later, it is possible to control 
the position where the hydrogen permeable film is to be 
formed. One example of such a filling material is paraf- 
fin . Paraffin is hydrogen permeable. For example, if par- 25 
affin is filled to half the thickness of the porous support 
and the Pd-containing solution is supplied from the side 
that is not filled with paraffin and hydrogen is supplied 
from the side that is filled with paraffin, then, the supplied 
hydrogen passes through the paraffin and reaches the 30 
paraffin surface, whereupon reduction reaction occurs 
between the Pd-containing solution and hydrogen gas, 
and a hydrogen-permeable film containing Pd can be 
formed on the paraffin surface. By adjusting the amount 
of paraffin filled, the position where the film is to be 35 
formed can be controlled. After the hydrogen-permea- 
ble film containing Pd has been formed, the paraffin can 
be dissolved and removed using an organic solvent, e. 
g., dichloromethane. 

[0030] When the solution containing Pd ions contacts 40 
the reducing feed material, Pd is reduced and a metal 
containing Pd is deposited. The metal is gradually de- 
posited within the pores of the porous support such that 
eventually the metal fills the pores at a certain thickness 
and seals off the pores. The reduction reaction contin- 45 
ues until the pores are completely sealed off. The thick- 
ness of the thin films containing Pd and the position 
where the thin films are formed inside the porous sup- 
port can be controlled in accordance with, e.g., the pore 
size of the porous support, the concentration of the Pd- so 
containing solution, the concentration of the reductant 
in the reducing feed material, and the reaction temper- 
ature, as well as the kind of solvent and a PH when the 
reducing feed material is a solution. 

[0031] The porous support has no limitation in its 55 
shape. In the case of a flat plate, the Pd-containing so- 
lution and the reductant-containing solution may be sup- 
plied to the plate from opposite sides. In the case of a 



hollow cylinder, those solutions can be supplied through 
an inner peripheral surface and an outer peripheral sur- 
face of the cylinder. 

[0032] In the method of manufacturing the hydrogen 
permeable structure according to the present invention, 
the reduction reaction continues until the pores are com- 
pletely sealed off, as described above. This means that 
when defects such as pinholes are present in the formed 
hydrogen permeable film, the reduction reaction occurs 
first in those defects such as pinholes. In other words, 
defects such as pinholes caused in the hydrogen per- 
meable structure can easily be repaired by applying the 
method according to the present invention since a metal 
containing Pd can be thereby deposited only in the de- 
fects such as pinholes. The method of the present in- 
vention is also, applicable to the case of regenerating a 
failed structure. 

[0033] Further, a feature of the hydrogen permeable 
structure according to the present invention is that it has 
a layer formed by depositing a metal containing Pd in 
the porous support or porous powder so as to sealed off 
pores, and that the amount of nitrogen permeable 
through the structure is small: not more than 0.6 ml/min/ 
cm 2 under a differential pressure of 1 atmospheric pres- 
sure. Accordingly, hydrogen having a high purity can be 
obtained. 

EXAMPLE 1 

[0034] A disk having a diameter of 22 mm and a thick- 
ness of 1 mm was prepared by machining a porous sin- 
tered body of silicon nitride 1 with a pore size of 0.3 jLim. 
The disk was glass-bonded, as shown in Fig. 1, to one 
end surface of a cylindrical holder 2 made of a dense 
ceramic and having an outer diameter of 22 mm. After 
pouring, in the dense ceramic cylindrical holder, 20 mi 
of a solution that was prepared by dissolving 30 g of Pd 
(N0 3 ) 2 in 1 liter of 1N-nitric acid, the cylinder was im- 
mersed in a 1.0 g/l aqueous solution of dimethylamine 
borane 4 for 2 minutes within a thermostatic chamber 5. 
The solution temperature was adjusted so as to be 
maintained at 25°C using a heater and a cooler (not 
shown). After 2 minutes, the grass-bonded disk and cy- 
lindrical holder were removed from the thermostatic 
chamber, and a porous support disk was obtained by 
disconnecting the glass bonding. The surface of the po- 
rous support disk, which had been subjected to the 
aqueous solution of dimethylamine borane, had a black 
discoloration and exhibited electrical continuity. It was 
hence confirmed that a Pd metal was deposited. 
[0035] The thus obtained disk was heat-treated at a 
temperature of 500°C for 1 hour in hydrogen under 
101.325 kPa (1 atmospheric pressure). After the heat 
treatment, the Pd structure was measured by X-ray dif- 
fraction and confirmed to be of face-centered cubic lat- 
tice. Then, the disk was cut and the cut section was ob- 
served with an electron microscope. As a result, it was 
confirmed that Pd was deposited in pores up to a depth 
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of 0.5 u,m from the surface having a black discoloration, 
and Pd thin films of 0.5 u.m thickness were formed in the 
pores. 

[0036] The hydrogen permeability of the hydrogen 
permeable structure obtained as described above was 
measured. More specifically, the permeation amount of 
hydrogen or nitrogen was measured by introducing a 
pure gas of hydrogen or nitrogen at a temperature of 
400°C through one surface of the hydrogen permeable 
structure under a pressure difference of 101 .325 kPa (1 
atmospheric pressure). As a result, it was confirmed that 
the permeation amount of hydrogen was 80 ml/min/cm 2 
and the permeation amount of nitrogen was 0.05 ml/min/ 
cm 2 , and hence that practically only hydrogen was al- 
lowed to selectively pass through the structure. Also, a 
heat cycle test of 500 cycles was conducted between 
temperature of 400°C and room temperature in a hydro- 
gen gas atmosphere of 101.325 kPa (1 atmospheric 
pressure). After the test, peeling-off and cracks of the 
films were inspected by visual observation and by using 
an electron microscope, respectively. As a result, no 
physical deterioration of the films, such as peeling-off 
and cracks, was observed. 

EXAMPLE 2 

[0037] A porous disk made of silicon nitride and a cy- 
lindrical holder made of a dense ceramic, similar to 
those used in EXAMPLE 1, were prepared. After pour- 
ing 20 ml of a solution that was prepared by dissolving 
30 g of Pd(N0 2 ) 2 (NH 3 ) 2 in 1 liter of 1N-nitric acid, into 
the dense ceramic cylindrical holder, the cylinder was 
immersed in a solution, which was prepared by dissolv- 
ing 2.0 g of NaH 2 P0 2 in 1 liter of pure water, for 2 min- 
utes within a thermostat. The solution temperature was 
adjusted so as to be maintained at 25°C using a heater 
and a cooler (not shown). After 2 minutes, the grass- 
bonded disk and cylindrical holder were removed from 
the thermostatic chamber, and a porous support disk 
was obtained by disconnecting the glass bonding. 
[0038] The thus obtained disk was measured for the 
hydrogen permeability in the same manner as in EXAM- 
PLE 1 . As a result, it was confirmed that the permeation 
amount of hydrogen was 60 ml/min/cm 2 and the perme- 
ation amount of nitrogen was 0.03 ml/min/cm 2 , and 
hence that practically only hydrogen was allowed to se- 
lectively pass through the disk. 

EXAMPLE 3 

[0039] A porous disk made of silicon nitride and a cy- 
lindrical holder made of a dense ceramic, similar to 
those used in EXAMPLE 1, were prepared. After pour- 
ing 20 ml of a solution that was prepared by dissolving 
30 g of Pd(N0 2 ) 2 (NH 3 ) 2 in 1 liter of 1N-nitric acid, into 
the dense ceramic cylindrical holder, the cylinder was 
immersed in a solution, which was prepared by dissolv- 
ing 3.0 g of hydrazine in 1 liter of pure water, for 2 min- 



utes within a thermostat. The solution temperature was 
adjusted so as to be maintained at 25°C using a heater 
and a cooler (not shown). After 2 minutes, the grass- 
bonded disk and cylindrical holder were removed from 

5 the thermostatic chamber, and a porous support disk 
was obtained by disconnecting the glass bonding. 
[0040] The thus obtained disk was measured for the 
hydrogen permeability in the same manner as in EXAM- 
PLE 1 . As a result, it was confirmed that the permeation 

10 amount of hydrogen was 60 ml/min/cm 2 and the perme- 
ation amount of nitrogen was 0.03 ml/min/cm 2 , and 
hence that practically only hydrogen was allowed to se- 
lectively pass through the disk. 

15 EXAMPLE 4 

[0041] A porous disk made of silicon nitride 1 and a 
cylindrical holder made of a dense ceramic 2, similar to 
those used in EXAMPLE 1 , were prepared. After glass- 

20 bonding the disk to one end surface of the dense ce- 
ramic cylindrical holder as in EXAMPLE 1 , a solution of 
Pd(N0 3 ) 2 3 was poured into the cylindrical holder and, 
as shown in Fig. 2, the cylindrical holder was placed in 
a thermostatic chamber 5 such that the surface of the 

25 Pd(N0 3 ) 2 was positioned outside the thermostat. Then, 
a hydrogen gas of 101.325 kPa atmospheric pressure) 
was introduced into the thermostat. After introducing the 
hydrogen gas for 5 minutes, the porous disk made of 
silicon nitride was removed from the thermostatic cham- 

30 ber. The surface of the disk, which had been subjected 
to the hydrogen gas, had a black discoloration and ex- 
hibited electrical continuity. It was hence confirmed that 
a Pd metal was deposited. The thus obtained disk was 
cut and the cut section was observed with an electron 

35 microscope. As a result, it was confirmed that Pd was 
deposited in pores up to a depth of 0.8 urn from the sur- 
face having a black discoloration, and Pd thin films of 
0.8 ujti thickness were formed in the pores. Note that 
thin films containing Pd can also be formed by putting 

^0 into the thermostatic chamber, as in Fig. 1 , the entirety 
of the container made of the porous silicon nitride disk 
and the dense ceramic cylindrical holder, in which the 
Pd(N0 3 ) 2 solution is filled. This method, however, is un- 
economical because the reduction reaction occurs at 

45 the surface of the Pd-containing solution in the container 
as well and Pd is also deposited there. 
[0042] The hydrogen permeability of the hydrogen 
permeable structure obtained as described above was 
measured in the same manner as in EXAMPLE 1 . As a 

50 result, it was confirmed that the permeation amount of 
hydrogen was 60 ml/min/cm 2 and the permeation 
amount of nitrogen was 0.03 ml/min/cm 2 , and hence 
that practically only hydrogen was allowed to selectively 
pass through the structure. Also, a heat cycle test of 500 

55 cycles was conducted between temperature of 400°C 
and room temperature in a hydrogen gas atmosphere 
of 101 .325 kPa (1 atmospheric pressure). After the test, 
peeling-off and cracks of thin films were inspected by 
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visual observation and by using an electron microscope, 
respectively. As a result, no physical deterioration of the 
films, such as peeling-off and cracks, was observed. 

EXAMPLE 5 

[0043] A disk having a diameter of 22 mm and a thick- 
ness of 1 mm was prepared by machining a porous sin- 
tered body of silicon nitride having a pore size of 0.3 urn 
Paraffin having the melting point of 70°C was filled in 
the disk up to a depth of 0.5 mm. The disk was glass- 
bonded to one end surface of a cylindrical holder made 
of a dense ceramic and having an outer diameter of 22 
mm such that the disk surface filled with the paraffin was 
faced outward. After pouring 20 ml of a solution that was 
prepared by dissolving 30 g of Pd(N0 3 ) 2 in 1 liter of 1 N- 
nitric acid, into the dense ceramic cylindrical holder, the 
cylindrical holder was put into a thermostat. A hydrogen 
gas of 101 .325 kPa (1 atmospheric pressure) was then, 
introduced into the thermostat and such a condition was 
held for 5 minutes, during which period the temperature 
in the thermostat was maintained at 25°C. After 5 min- 
utes, the porous disk made of silicon nitride was re- 
moved from the thermostat. No change was observed 
in the external appearance of the disk. The disk was cut 
and the cut section was observed with an electron mi- 
croscope. As a result, as schematically illustrated in Fig. 
3, it was confirmed that a Pd film 8 was deposited in 
pores with a thickness of 0.3 um from the forefront sur- 
face of the filled paraffin 9, and Pd thin films were formed 
in the pores, in thickness of 0.3 u,m from the position of 
0.5 mm in the direction of thickness of the porous disk 
made of silicon nitride. 

[0044] The paraffin was dissolved and removed by 
three repetitions of immersing the hydrogen permeable 
structure obtained as described above in dichlorometh- 
ane for 15 minutes, replacing the dichloromethane with 
new dichloromethane, at each 1 5-minute immersion. Af- 
ter drying the hydrogen permeable structure, it was 
heat-treated at a temperature of 500°C for 1 hour in hy- 
drogen under 101.325 kPa (1 atmospheric pressure). 
The hydrogen permeability of the thus obtained hydro- 
gen permeable structure was measured in the same 
manner as in EXAMPLE 1. Asa result, it was confirmed 
that the permeation amount of hydrogen was 90 ml/min/ 
cm 2 and the permeation amount of nitrogen was 0.05 
ml/min/cm 2 and hence that practically only hydrogen 
was allowed to selectively pass through the structure. 
Also, a heat cycle test of 500 cycles was conducted be- 
tween temperature of 400°C and room temperature in 
a hydrogen gas atmosphere of 101.325 kPa (1 atmos- 
pheric pressure). After the test, peeling-off and cracks 
of the films were inspected by visual observation and by 
using an electron microscope, respectively. As a result, 
no physical deterioration of the films, such as peeling- 
off and cracks, was observed. 



EXAMPLE 6 

[0045] As in EXAMPLE 1 , an assembly of a porous 
disk made of silicon nitride and a cylindrical holder made 
5 of a dense ceramic was prepared by glass-bonding 
them. A solution prepared by dissolving 27 g of Pd 
(N0 3 ) 2 and 3 g of Pt(N0 2 ) 2 (NH 3 ) 2 in 1 liter of 1N-nitric 
acid was poured into the dense ceramic cylindrical hold- 
er. Then, the cylinder was immersed in a 1 .0 g/l aqueous 

10 solution of dimethylamine borane for 2 minutes within a 
thermostat. The solution temperature was adjusted so 
to be maintained at 25°C. After 2 minutes, the grass- 
bonded disk and cylindrical holder were removed from 
the thermostatic chamber, and a porous support disk 

15 was obtained by disconnecting the glass bonding. The 
thus obtained disk was heat-treated at a temperature of 
500°C for 1 hour in hydrogen under 1 01 .325 kPa (1 at- 
mospheric pressure). Then, the disk was cut and the cut 
section was observed with an electron microscope. As 

20 a result, it was confirmed that a metal was deposited in 
pores up to a depth of 0.5 urn, and metallic thin films of 
0.5 \in\ thickness were formed in the pores. The com- 
position of the metallic thin films was examined by fluo- 
rescent X-ray analysis, and it was found to be 89 wt% 

25 Pd and 11 wt% Pt. 

[0046] The hydrogen permeability of the hydrogen 
permeable structure obtained as described above was 
measured in the same manner as in EXAMPLE 1 . As a 
result, it was confirmed that the permeation amount of 

30 hydrogen was 90 ml/min/cm 2 and the permeation 
amount of nitrogen was 0.05 ml/min/cm 2 , and hence 
that practically only hydrogen was allowed to selectively 
pass through the structure. Also, a heat cycle test of 500 
cycles was conducted between the temperature of 

35 400°C and room temperature in a hydrogen gas atmos- 
phere of 101.325 kPa (1 atmospheric pressure). After 
the test, peeling-off and cracks of the films were inspect- 
ed by visual observation and by using an electron mi- 
croscope, respectively. As a result, no physical deterio- 

40 ration of the films, such as peeling-off and cracks, was 
observed. 

EXAMPLE 7 

45 [0047] A disk having a diameter of 22 mm and a thick- 
ness of 1 mm was prepared using porous SUS31 6L with 
a filtration size of 0.5 u,m. The disk was silver-brazed to 
one end surface of a cylinder made of a dense SUS31 6L 
and having an outer diameter of 22 mm. After pouring 
50 the same solution as used in EXAMPLE 1 into the cyl- 
inder, the cylinder was immersed in a solution of a re- 
ductant (propanol) within a thermostat, the solution be- 
ing the same as used in EXAMPLE 1 . After 10 minutes, 
the porous disk made of porous SUS31 6L was removed 
55 from the thermostatic chamber. 

[0048] The thus obtained disk was heat-treated at a 
temperature of 500°C for 1 hour in hydrogen under 
101.325 kPa (1 atmospheric pressure). After the heat 
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treatment, the disk was cut and the cut section was ob- 
served with an electron microscope. As a result, it was 
confirmed that Pd was deposited in pores up to a depth 
of 1 .5 u.m, and Pd thin films of 1 .5 u.m thickness were 
formed in the pores. 

[0049] The hydrogen permeability of the hydrogen 
permeable structure obtained as described above was 
measured in the same manner as in EXAMPLE 1 . As a 
result, it was confirmed that the permeation amount of 
hydrogen was 30 ml/min/cm 2 and the permeation 
amount of nitrogen was 0.01 ml/min/cm 2 , and hence 
that practically only hydrogen was allowed to selectively 
pass through the structure. Also, a heat cycle test of 500 
cycles was conducted between the temperature of 
400°C and room temperature in a hydrogen gas atmos- 
phere of 101.325 kPa (1 atmospheric pressure). After 
the test, peeling-off and cracks of the films were inspect- 
ed by visual observation and by using an electron mi- 
croscope, respectively. As a result, no physical deterio- 
ration of the films, such as peeling-off and cracks, was 
observed. 

EXAMPLE 8 

[0050] A disk having a diameter of 22 mm and a thick- 
ness of 1 mm was prepared by machining a porous sin- 
tered body of silicon nitride having a pore size of 0.3 pjn. 
One surface of the disk was polished with a polishing 
solution including y-alumina powder of a 0.05-pm aver- 
age particle size dispersed therein. Also, the y-alumina 
powder was filled into holes of the disk surface to make 
it flat. Subsequently the disk filled with the y-alumina 
powder was sintered in an atmosphere at 750 C C for 30 
minutes. The thus sintered disk was glass-bonded, as 
shown in Fig. 1 , to one end su rface of a cylindrical holder 
made of a dense ceramic and having an outer diameter 
of 22 mm, at which time, the disk surface flattened with 
the y-alumina powder was positioned to face outward of 
the cylinder (downward in Fig. 1 ). After pouring 20 ml of 
a solution prepared by dissolving 25 g of PdCI 2 in 1 liter 
of 1 N-hydrochloric acid, into the dense ceramic cylindri- 
cal holder, the holder was immersed in a 1 .0 g/l aqueous 
solution of dimethylamine borane for 2 minutes within a 
thermostat. The solution temperature was adjusted so 
as to be maintained at 25°C using a heater and a cooler 
(not shown). After 2 minutes, the grass-bonded disk and 
cylindrical holder were removed from the thermostatic 
chamber, and a porous support disk was obtained by 
disconnecting the glass bonding. The surface of the po- 
rous support disk, which had been subjected to the 
aqueous solution of dimethylamine borane, had metallic 
luster and exhibited electrical continuity. It was hence 
confirmed that a Pd metal was deposited. 
[0051] The thus obtained disk was heat-treated at a 
temperature of 500°C for 1 hour in hydrogen under 
101.325 kPa (1 atmospheric pressure). After the heat 
treatment, the disk was cut and the cut section was ob- 
served with an electron microscope. Figure 4 schemat- 



ically shows the observed section. As a result of the ob- 
servation, it was confirmed that the y-alumina 10 was 
filled into pores of the porous silicon nitride up to a depth 
of 0.5 urn from the Pd-deposited disk surface and Pd 8 
5 was deposited in gaps between particles of the y-alumi- 
na powder. It was also confirmed that Pd 8 deposited 
on the disk surface was in the form of a thin film having 
a thickness of 0.1 ujti. Further, as a result of observing 
the disk surface with a Scanned Electron Microscope 
10 (SEM), it was confirmed that nearly 1 00 % area of the 
entire disk surface was covered with Pd. 
[0052] The hydrogen permeability of the hydrogen 
permeable structure obtained as described above was 
measured in the same manner as in EXAMPLE 1 . As a 
*5 result, it was confirmed that the permeation amount of 
hydrogen was 120 ml/min/cm 2 and the permeation 
amount of nitrogen was 0.05 ml/min/cm 2 , and hence 
that practically only hydrogen was allowed to selectively 
pass through the structure. Also, a heat cycle test of 500 
cycles was conducted between the temperature of 
400°C and room temperature in a hydrogen gas atmos- 
phere of 101.325 kPa (1 atmospheric pressure). After 
the test, peeling-off and cracks of the film were inspect- 
ed by visual observation and by using an electron mi- 
croscope, respectively. As a result, no physical deterio- 
ration of the film, such as peeling-off and cracks, was 
observed. 

EXAMPLE 9 

[0053] A disk having a diameter of 22 mm and a thick- 
ness of 1 mm was prepared by machining a porous sin- 
tered body of silicon nitride having a pore size of 0.3 urn. 
One surface of the disk was polished with a polishing 
solution including y-alumina powder of a 0.05-jxm aver- 
age particle size dispersed therein. Also, the Y-alumina 
powder was filled into holes in the disk surface to make 
it flat. The disk filled with the y-alumina powder was 
glass-bonded to one end surface of a cylindrical holder 
made of a dense silicon nitride and having an outer di- 
ameter of 22 mm, at which time, the disk surface flat- 
tened with the y-alumina powder was positioned to face 
outward of the cylinder. Then, 20 ml of a solution pre- 
pared by dissolving 25 g of PdCI 2 in 1 liter of 1 N-hydro- 
chloric acid was poured into the dense silicon-nitride cy- 
lindrical holder. A 2-propanol solution containing 0.25 g/ 
I of NaBH4 was filled into a sprayer, and mist of the so- 
lution was sprayed on the outer surface of the bonded 
disk. With the spray of the solution in the state of mist, 
drips falling from the disk were black in the initial period, 
thus showing the progress of reduction reaction. After 
continuing to spray for about 5 minutes, falling drips be- 
came transparent, whereupon it was determined that 
the reduction reaction was completed. Then, spraying 
of the solution was stopped, and a porous support disk 
was obtained by disconnecting the glass bonding. The 
surface of the porous support disk, which had been sub- 
jected to the spray of the solution, was black and exhib- 
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ited electrical continuity. It was hence confirmed that a 
Pd rnetal was deposited. 

[0054] The thus obtained disk was heat-treated at a 
temperature of 500°C for 1 hour in hydrogen under 
101.325 kPa (1 atmospheric pressure). After the heat 5 
treatment, the disk was cut and the cut section was ob- 
served with an electron microscope. Figure 5 schemat- 
ically shows the observed section. As a result of the ob- 
servation, it was confirmed that the y-alumina 10 was 
filled into pores of the porous silicon nitride up to a depth io 
of 0.5 u.m from the Pd-deposited disk surface and Pd 8 
was deposited in gaps between particles of the -y-alumi- 
na powder. It was also confirmed that Pd was not de- 
posited on the surface of the porous disk made of sili- 
con-nitride. 15 
[0055] The hydrogen permeability of the hydrogen 
permeable structure obtained as described above was 
measured in the same manner as in EXAMPLE 1 . As a 
result, it was confirmed that the permeation amount of 
hydrogen was 140 ml/m in/cm 2 and the permeation 20 
amount of nitrogen was 0.02 ml/min/cm 2 , and hence 
that practically only hydrogen was allowed to selectively 
pass through the structure. Also, a heat cycle test of 
1000 cycles was conducted between the temperature 
of 400°C and room temperature in a hydrogen gas at- 25 
mosphere of 1 01 .325 kPa (1 atmospheric pressure). Af- 
ter the test, peeling-off and cracks of the film were in- 
spected by visual observation and by using an electron 
microscope, respectively. As a result, no physical dete- 
rioration of the film, such as peeling-off and cracks, was 30 
observed. Thus, it was found that by forming Pd-con- 
taining thin films only inside the porous support the du- 
rability was greatly improved. Further, Pd deposited in 
the disk was dissolved in aqua regia and subjected to 
Inductively Coupled Plasma (TCP) emission spectro- 35 
scopic analysis. As a result, the amount of Pd was 1 .5 
g/m 2 . Accordingly, it was found that the amount of Pd 
was reduced to half by employing the spraying method 
because the amount of Pd deposited in the hydrogen 
permeable structure by the method of immersing the 40 
disk in the reductant-containing solution, as with EXAM- 
PLE 8, was 3.0 g/m 2 . 



EXAMPLE 10 



45 



[0056] The surface of the disk-shaped hydrogen per- 
meable structure obtained with EXAMPLE 8, on which 
a Pd film was formed, was artificially abraded andf lawed 
1 0 times using a No. 1 200 polishing paper. The amount 
of nitrogen having passed through the flawed disk was so 
measured in the same manner as in EXAMPLE 1 . As a 
result, the measured amount was 15 ml/min/cm 2 , which 
was considerably increased from 0.05 ml/min/cm 2 , i.e., 
the amount measured prior to flawing of the disk. In oth- 
er words, it was evident that the Pd thin film was partly 55 
broken. 

[0057] A Pd film was formed on the flawed disk in the 
same manner and under the same conditions as those 



in EXAMPLE 8. The disk thus repaired was measured 
for permeability of hydrogen or nitrogen in the same 
manner as in EXAMPLE 1 . As a result, it was confirmed 
that the permeation amount of hydrogen was 120 ml/ 
min/cm 2 and the permeation amount of nitrogen was 
0.05 ml/min/cm 2 . It was hence found that the flaws were 
repaired and the disk was restored to its original perme- 
ability. 

Industrial Applicability 

[0058] According to the present invention, as de- 
scribed above, physical deterioration of the hydrogen 
permeable film, such as peeling-off and cracks : can be 
greatly reduced and durability of the hydrogen permea- 
ble film can be increased. Also, the position where a thin 
film containing Pd is to be formed can be controlled as 
desired, and defects such as pinholes can easily be re- 
paired. 



Claims 

1. A method of manufacturing a hydrogen permeable 
structure, comprising the steps of supplying a solu- 
tion containing Pd onto one surface of a porous sup- 
port and supplying a solution containing a reductant 
onto the other surface of said porous support, there- 
by forming a thin film containing Pd on the surface 
of said porous support or inside said porous sup- 
port. 

2. A method of manufacturing a hydrogen permeable 
structure, comprising the steps of supplying a solu- 
tion containing Pd onto one surface of a poroussup- 
port and supplying a reducing gas onto the other 
surface of said porous support, thereby forming a 
thin film containing Pd on the surface of said porous 
support or inside said porous support. 

3. A method of manufacturing a hydrogen permeable 
structure according to Claim 2, further comprising 
the steps of filling a gas permeable material within 
pores of said porous support, and forming a thin film 
containing Pd on an end surface of said gas perme- 
able material. 

4. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 or 2, wherein the so- 
lution containing Pd contains a complex ion in which 
ligands are coordinated in number of not less than 
two and not more than six per one Pd atom. 

5. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 or 2, wherein the so- 
lution containing Pd is a solution containing chlorine 
and palladium. 
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6. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 or 2, wherein the so- 
lution containing Pd is a solution containing chlo- 
rine, palladium and platinum. 

5 

7. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 , wherein the solution 
containing the reductant contains at least one of 
H 2 P0 2 - and HP0 3 2 \ 

10 

8. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 , wherein the solution 
containing the reductant contains dimethylamine 
borane. 

15 

9. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 , wherein the solution 
containing the reductant is a solution in which at 
least one of NaBH 4 , LiBH 4 and KBH 4 is dissolved. 

20 

10. A method of manufacturing a hydrogen permeable 
structure according to Claim 1 , wherein one or both 
of the solution containing Pd and the solution con- 
taining the reductant are sprayed in a state of mist. 

25 

11. A method of manufacturing a hydrogen permeable 
structure according to Claim 2, wherein the reduc- 
ing gas is a hydrogen gas. 

12. A method of manufacturing a hydrogen permeable 30 
structure according to Claim 3, wherein the gas per- 
meable material is paraffin. 

13. A method of repairing a hydrogen permeable struc- 
ture, comprising the steps of supplying a solution 35 
containing Pd onto one surface of said hydrogen 
permeable structure in which a thin film containing 

Pd has been formed on the surface of or inside a 
porous support and supplying a solution containing 
a reductant onto the other surface of said hydrogen 40 
permeable structure, thereby forming a thin film 
containing Pd in pinholes or other defects of said 
former thin film containing Pd. 

14. A method of repairing a hydrogen permeable struc- 45 
ture, comprising the steps of supplying a solution 
containing Pd through one surface of said hydrogen 
permeable structure in which a thin film containing 

Pd has been formed on the surface of or inside a 
porous support and supplying a reducing gas so 
through the other surface of said hydrogen perme- 
able structure, thereby forming a thin film containing 
Pd in pinholes or other defects of said former thin 
film containing Pd. 

55 

15. A hydrogen permeable structure wherein thin films 
formed on and/or in a porous support and contain- 
ing Pd have an average thickness of not more than 



2 urn. 

16. A hydrogen permeable structure according to Claim 

15, wherein thin films formed inside said porous 
support and containing Pd have an average thick- 
ness of not more than 2 am. 

1 7. A hydrogen permeable structure according to Claim 

1 6, wherein an amount of deposited Pd is not more 
than 5 g/m 2 in the thin films formed on and/or in said 
porous support and containing Pd. 

1 8. A hydrogen permeable structure according to Claim 
15, wherein said porous support is a porous body 
of silicon nitride. 

1 9. A hydrogen permeable structure according to Claim 
1 5, wherein said porous support is a metallic porous 
body. 

20. A hydrogen permeable structure according to any 
one of Claims 1 5 to 1 9, wherein said porous support 
has holes in the surface thereof, and said hydrogen 
permeable structure includes a porous oxide layer, 
or a layer of metal or metal oxide having an average 
particle size of not more than 2 ^.m, said layer being " 
formed so as to fill the holes. 

21 . A hydrogen permeable structure according to Claim 
20, wherein said oxide layer contains at least one 
selected from the group consisting of aluminum ox- 
ide, silicon dioxide and zirconium oxide. 

( 

22. A hydrogen permeable structure according to Claim 
20, wherein said oxide layer is made of aluminum 
oxide. 

23. A hydrogen permeable structure including a layer 
in which pores are sealed off by depositing a metal 
containing Pd in a porous support and/or porous 
powder. 

24. A hydrogen permeable structure according to Claim 
23, wherein an amount of nitrogen permeable 
through said hydrogen permeable structure is not 
more than 0.6 ml/min/cm 2 under a differential pres- 
sure of 1 atmospheric pressure. 
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